Abstract: Thiobacillus thiooxidans was grown at pH 5 on thiosulfate as an energy source, and the mechanism of oxidation of inorganic sulfur compounds was studied by the effect of inhibitors, stoichiometries of oxygen consumption and sulfur, sulfite, or tetrathionate accumulation, and cytochrome reduction by substrates. Both intact cells and cell-free extracts were used in the study. The results are consistent with the pathway with sulfur and sulfite as the key intermediates. Thiosulfate was oxidized after cleavage to sulfur and sulfite as intermediates at pH 5, the optimal growth pH on thiosulfate, but after initial condensation to tetrathionate at pH 2.3 where the organism failed to grow. NEthylmaleimide (NEM) inhibited sulfur oxidation directly and the oxidation of thiosulfate or tetrathionate indirectly. It did not inhibit the sulfite oxidation by cells, but inhibited any reduction of cell cytochromes by sulfur, thiosulfate, tetrathionate, and sulfite. NEM probably binds sulfhydryl groups, which are possibly essential in supplying electrons to initiate sulfur oxidation. 2-Heptyl-4-hydroxy-quinoline N-oxide (HQNO) inhibited the oxidation of sulfite directly and that of sulfur, thiosulfate, and tetrathionate indirectly. Uncouplers, carbonyl cyanide-m-chlorophenylhydrazone (CCCP) and 2,4-dinitrophenol (DNP), inhibited sulfite oxidation by cells, but not the oxidation by extracts, while HQNO inhibited both. It is proposed that HQNO inhibits the oxidation of sulfite at the cytochrome b site both in cells and extracts, but uncouplers inhibit the oxidation in cells only by collapsing the energized state of cells, ∆μ H+ , required either for electron transfer from cytochrome c to b or for sulfite binding.
Introduction
Inorganic sulfur compounds are widespread in nature, and microorganisms are intimately involved in the sulfur cycle. A number of bacteria and archaea are responsible for the oxidation of inorganic sulfur compounds. It is not always easy to separate the reactions carried out by microorganisms from purely chemical reactions of reactive sulfur compounds. Often microbial reactions mimic chemical models and follow the main oxidation pathway of S 2 → S 0 → SO 3 2-→ SO 4 2-, although the intermediates can chemically interact with each other and make the pathway complex (Suzuki 1974 (Suzuki , 1999 . Inhibitors for S 0 → SO 3 2-and SO 3 2-→ SO 4 2-are useful in obtaining expected stoichiometries and in establishing the oxidation pathway, particularly in the oxidation of thiosulfate and tetrathionate (Suzuki 1999) . As shown in Fig. 1 [2] ) and sulfite (reaction [3] ). 2-Heptyl-4 hydroxy-quinoline N-oxide (HQNO) inhibits the oxidation of sulfite, and N-ethylmaleimide (NEM) inhibits the oxidation of sulfur. The use of these inhibitors and stoichiometries of O 2 consumption and sulfite or sulfur accumulation should provide critical information on which pathway is used by a microorganism (Suzuki 1999) .
Thiobacillus thiooxidans (Acidithiobacillus thiooxidans, is an acidophilic chemolithotroph that uses inorganic sulfur compounds as energy sources. The sulfur oxidation mechanism has been studied with sulfurgrown cells to show the pathway of oxidation: S . Although resting cells of the organism grown on sulfur can oxidize thiosulfate at pH 2.3 , the acidic pH used for growth on sulfur where thiosulfate is chemically more reactive, the organism cannot grow on thiosulfate at this pH. Growth can be achieved only at a higher pH of 4.5-5.0 (Barton and Shively 1968; Nakamura et al. 1990 ). In the current study T. thiooxidans was grown at pH 5 on thiosulfate, and the oxidation mechanism was studied under the conditions where the organism can obtain energy for growth (pH 5) as well as at pH 2.3 where it cannot grow on thiosulfate. Stoichiometry and inhibitor studies described above were carried out at both pH values to determine the pathway used. The thiosulfate-grown cells contained higher amounts of cytochromes than the sulfur-grown cells and were more suitable for the electron transfer studies, particularly during the oxidation of sulfite, the key energy-generating reaction. The sulfite oxidation system in this acidophilic bacterium involves membrane-bound cytochrome b, the site of HQNO inhibition (Tano et al. 1982) , and membrane-bound sulfite oxidase (Nakamura et al. 1995) in addition to cytochromes c, a, and d, unlike the neutrophilic T. novellus (Starkeya novella, where the oxidation of sulfite is simple: sulfite → sulfite oxidase (sulfite: cytochrome c oxidoreductase) → cytochrome c → cytochrome a 3 oxidase → O 2 (Charles and Suzuki 1966; Yamanaka 1996; Kappler et al. 2000) . Therefore, the response of cytochromes, of thiosulfate grown T. thiooxidans cells and extracts to sulfite and other inorganic sulfur compounds, was studied to elucidate the electron transfer pathway and energy metabolism.
Materials and methods

Chemicals
Chemicals were the highest grade commercially available. Sodium thiosulfate pentahydrate and precipitated sulfur powder were obtained from British Drug Houses (BDH) Inc. Toronto, Ont. All inhibitors were obtained from Sigma Chemical Co. St. Louis, Mo.
Organism and media
Thiobacillus thiooxidans ATCC 8085 was used throughout this study.
The basal 9K medium (Silverman and Lundgren 1959) 
Adaptation from sulfur to thiosulfate
Thiobacillus thiooxidans was grown on powdered sulfur (10 g/L), spread on the surface in Starkey's no. 1 medium adjusted to pH 2.3 with sulfuric acid (2.5% inoculum) for 4 days at 28°C without shaking.
The sulfur-grown cells were collected and washed three times in the 9K medium at pH 5 in a microcentrifuge (IEC, Micro-MB centrifuge 3615, 14 000 rpm for 3-5 min) to remove excess sulfuric acid. The washed cells (10% inoculum, 10 mL) were inoculated into 90 mL 9K medium at pH 5 containing 1 g Na 2 S 2 O 3 ·7H 2 O and two drops of 0.5% bromphenol blue pH indicator (pH 4.6→3.0 color changing from yellow to blue violet). The 250-mL Erlenmeyer flask was kept static for 2-4 days at 28°C before placing it on a rotary shaker (150 rpm). Disappearance of thiosulfate and acid production indicated growth.
Growth on thiosulfate in a reactor
The flask experiment showed an optimal growth pH on thiosulfate of 5 in the 9K medium. The flask culture was used as an inoculum (10%) for a 400-mL reactor equipped with an automated titrator (Radiometer, titrator 11 and pH meter 28, Copenhagen) to maintain the pH at 5 with 5% K 2 CO 3 . It was continuously aerated through a glass sparger and a magnetic stirrer. Sodium thiosulfate (1%) was added as substrate. The grown culture was transferred to a 4-L reactor to obtain 4 L of thiosulfate-grown cells after 4-5 days at 28°C. The cultivation was carried out on a semicontinuous basis leaving 400 mL culture as the 10% inoculum for new 9K medium at pH 5 to start another 4 L culture.
Cell harvesting and washing
After 4-5 days when thiosulfate was nearly gone, the culture was centrifuged at 8000 × g for 10 min. Cells were washed twice with milli-Q water with centrifugation in between (10 000 × g for 10 min). Washed cells were suspended in 0.1 M sodium citrate (pH 6) at a concentration of 50 mg wet cells/mL. The cell suspension could be stored for 2 weeks at 4°C without losing much of the oxidation activities. If the cells were suspended in the growth medium, 9K medium at pH 5, the activity gradually decreased with time. For most of the experiments, therefore, 0.1 M sodium citrate at pH 6 (Nakamura et al. 1990 ) was used for cell suspension and storage unless otherwise indicated.
Preparation of cell-free extracts
The cells suspended in 0.1 M sodium citrate were washed once in 0.1 M Tris-HCl (pH 7.5) buffer and suspended in the same buffer at a wet-cell concentration of 200 mg/mL. The suspension was passed through a French pressure cell three times at 110 MPa to break the cells and was centrifuged at 10 000 × g for 10 min to obtain cell-free extracts. The supernatant was translucent with a reddish-brown color.
Oxidation of thiosulfate and other substrates
Oxidation was followed by measurement of oxygen consumption at 25°C in a thermostated vessel equipped with a Clark oxygen electrode (Gilson Medical Electronics, Oxygraph). A full scale in the chart recorder corresponded to 310 nmol O 2 , solubility of O 2 in 1.2 mL. The substrates for oxidation: 10 mM or 0.1 M sodium thiosulfate, 0.1 M sodium sulfite in 50 mM EDTA, 10 mM sodium tetrathionate, and 15 mM sulfur in dimethyl sulfoxide (DMSO) were added in microlitre amounts to reaction mixtures containing cells (2.5 mg wet cells or 50 µL of 50 mg/mL) or extracts (0.1 mL, 2 mg protein) in a specified buffer and pH to start the reaction in a total volume of 1.2 mL. Control experiments without cells or extracts were carried out to confirm the observed oxidation was not purely chemical. There was no measurable chemical oxidation during the short experimental periods.
To study the stoichiometry of oxidation, 0.1 µmol of thiosulfate was used unless otherwise specified so that the total O 2 consumption could be determined in the Oxygraph (0.3 µmol O 2 solubility in 1.2 mL at 25°C). The amounts of potential oxidation intermediates were also selected on the same basis.
Determination of thiosulfate and tetrathionate
Thiosulfate was determined by the method of Sörbo (Sörbo 1957 (Sörbo , 1958 during the growth of organism. Tetrathionate formed during thiosulfate oxidation was determined by the same cyanolysis method without CuCl 2 using a 1-mL reaction mixture. When sodium citrate was the buffer, 0.625 mL of 1 M instead of 0.2 M NH 4 OH was added to raise the pH high enough for 30 min cyanolysis with 0.156 mL of 0.1 M KCN. The mixture was centrifuged to remove cells. Addition of concentrated HNO 3 (0.1 mL) after 0.156 mL ferric nitrate reagent (10% Fe(NO 3 ) 3 ·9H 2 O in 13% HNO 3 ) was required to lower the pH for 15 min of color development (brown), which was measured at 460 nm.
Determination of sulfite
The pararosaniline method of West and Gaeke (1956) was used. One millilitre of reaction mixture was mixed with 5 mL of 0.1 M sodium tetrachloromercurate II and was centrifuged to remove cells. To the supernatant, 0.5 mL of 0.2% formaldehyde and 0.5 mL of HCl-bleached pararosaniline (0.04%) were added with mixing in between. After 30 min, the intensity of the color (red-violet) was determined at 554 nm. When sodium citrate was used as buffer, it was necessary to add 20 µL of concentrated HCl before pararosaniline addition to avoid the formation and precipitation of dark blue material, possibly coming from the interaction of Hg
2+
and polysulfides on the cell surface.
Determination of elemental sulfur
Elemental sulfur formed was determined according to Bartlett and Skoog (1954) as modified by Chan and Suzuki (1993) .
Cytochrome studies
Cytochromes both in cells and extracts were studied in a Shimadzu multipurpose recording spectrophotometer (MPS-50L) with a 1-cm light path at room temperature. Cells were in 0.1 M sodium citrate at pH 5.0 (5 mg wet cells/mL) and extracts were diluted 10 times in 0.1 M Tris-HCl (pH 7.5).
Difference spectra were obtained between a sample with a substrate (sample cuvette) and another without a substrate (reference cuvette). A scanning speed was 3 min from 400 to 800 nm, and scanning was repeated many times to follow the spectral change with time. A complete reduction of cytochromes was achieved by the addition of sodium dithionite (hydrosulfite). The spectra of cells and extracts were also studied with the refraction method, the technique used by Tano et al. (1982) , but the high concentration of cells or extracts required made the analysis of results more difficult, since endogenous substrates reduced the cytochromes.
Results
Growth of Thiobacillus thiooxidans on thiosulfate
Thiobacillus thiooxidans ATCC 8085 did not grow on thiosulfate at pH 2.3, but did grow at pH 5.0. In shake-flask growth experiments, sulfur-grown cells grew on thiosulfate after a lag period of 3 days in 9K medium, 3.5 days in Starkey's no. 1 medium, and 4 days in Starkey's no. 2 medium, when measured in thiosulfate utilization. Thiosulfate consumption was complete in 5 days in 9K, 6 days in Starkey's no. 1, and 7 days in Starkey's no. 2 medium. The 9K medium was selected as the growth medium, and a 4-L reactor was used to obtain cells grown at a constant pH of 5.0 on thiosulfate. With 1% sodium thiosulfate (Na 2 S 2 O 3 ·5H 2 O) the average cell yield was 0.425 g wet cells/L. The cells were brownish with more cytochromes than sulfur-grown cells, which were grayish. 
Thiosulfate oxidation activity
The rate of thiosulfate oxidation by thiosulfate-grown cells was greatly affected by pH, salts, and thiosulfate concentrations. The optimum pH for growth on sulfur (pH 2.3), the optimum pH for growth on thiosulfate (pH 5.0), and the neutral pH where no growth on either substrate occurred (pH 7.0) were selected for the oxidation studies. As shown in Table 1 , the optimum pH for oxidation in 0.1 M sodium citrate buffer (the buffer used by Nakamura et al. 1990 ) was 5.0 at three different concentrations of thiosulfate (the same optimum pH was obtained with additional data at pH 2.3, 3.0, 4.5, 5.0, 5.5,. 6.0, and 7.0 with 1 µmol Na 2 S 2 O 3 in 1.2 mL in the citrate buffer). In 9K medium or sodium sulfate, however, the acidic pH of 2.3 and the lowest thiosulfate concentration produced the highest activity. The activity in potassium phosphate was low, but optimal at pH 5 similar to sodium citrate. When the concentration of thiosulfate was increased from 0.1 to 10 µmol in 1.2 mL, the rate of O 2 consumption increased generally, except in 9K medium and sodium sulfate at pH 2.3 where it decreased. Thiosulfate was oxidized at pH 2.3 only in 9K medium or sodium sulfate. At pH 5, the growth pH, thiosulfate oxidation was fastest in sodium citrate, with 1 or 10 µmol thiosulfate in 1.2 mL. In 9K medium, increasing concentrations of thiosulfate decreased the activity at pH 2.3 and increased the activity at pH 5, so that the activity in 9K (growth medium) showed an optimal pH of 5 with 10 µmol thiosulfate in 1.2 mL, similar to growth pH. With 50 µmol thiosulfate, the activity at pH 5 in 9K medium was even higher and nearly the same as in sodium citrate. Thus the K m values for thiosulfate are affected by pH and buffer. At pH 5 the apparent K m was estimated as 0.25 mM in sodium citrate and 3 mM in 9K medium, while at pH 2.3 it was estimated as 0.03 mM in 9K medium (data not shown). Thus, T. thiooxidans cells require high concentrations of thiosulfate (1% or 40 mM) to grow at pH 5 in 9K medium. Because the organism cannot grow at pH 2.3 on thiosulfate, the mechanism of oxidation at the two pH values must be different. Because citrate is a metal chelator, the high thiosulfate oxidation activity in the citrate buffer at pH 5.0 could be related to its metal chelation effect. Ethylenediamine tetraacetate (EDTA), a metal chelator, at 1 mM stimulated the oxidation rate in citrate by 50% at pH 5. Chelators for ferrous iron, 2,2′-dipyridyl and o-phenanthroline, stimulated it by 20%, and tiron (4,5-dihydroxy-1,3-benzene disulfonic acid), a chelator for ferric iron, had little effect at the same concentration.
Oxidation of tetrathionate, sulfur, and sulfite
The oxidation by cells of possible thiosulfate oxidation intermediates was also affected by salts and pH. Tetrathionate (60 nmol) was oxidized in citrate buffer with the highest rate at pH 5 (56 nmol O 2 /min) similar to thiosulfate (Table 1) . Oxidation of tetrathionate in 9K medium was fast (75 nmol O 2 /min) at pH 2.3 and slow at pH 5, similar to thiosulfate. Sulfur (150 nmol in DMSO) was oxidized by these cells either in citrate buffer or 9K medium at rates comparable to the optimal thiosulfate oxidation rates (60-70 nmol O 2 /min) irrespective of the assay pH between pH 5 and 8. The activity at pH 2.3 was slightly lower. The oxidation of sulfite (0.2 µmol) was much slower with an optimum at pH 5 (9-12 nmol O 2 /min) either in citrate or 9K medium. The oxidation in citrate was inhibited by 1 mM EDTA by 60%, o-phenanthroline by 40%, 2,2′-dipyridyl by 32%, and tiron by 25% at pH 5, a similar order to the stimulation effect of these metal chelators on thiosulfate oxidation.
Effect of azide and cyanide on substrate oxidation
The citrate buffer at pH 5 and the 9K medium at pH 2.3 were chosen as the conditions for inhibitor studies to investigate the difference in the oxidation mechanisms at two pH values. As shown in Table 2 , azide and cyanide at 1 mM as the inhibitors of terminal electron transfer through cytochrome oxidases inhibited the oxidation of thiosulfate, tetrathionate, and sulfur more strongly in the 9K medium at pH 2.3 than in citrate buffer at pH 5.0, and azide was a much stronger inhibitor. Cyanide had little effect at pH 5 and even stimulated the oxidation under certain conditions, e.g., with higher thiosulfate concentration (1 µmol in 1.2 mL, not shown) or sulfur oxidation. Sulfite oxidation at pH 5 was inhibited by both azide and cyanide, but more strongly by azide in citrate than in 9K medium. Note: The O 2 consumption was followed in a Gilson oxygraph at 25°C with 1.2 mL reaction mixtures of 2.5 mg wet cells, and Na 2 S 2 O 3 as indicated in various salt solutions at the pH indicated. Concentration of sodium citrate, sodium sulfate, or potassium phosphate is 0.1 M. stimulation of the oxidation of sulfur compounds which produce sulfite as an intermediate.
Effect of other inhibitors and uncouplers on substrate oxidation
N-Ethylmaleimide (NEM), a thiol-binding agent, inhibited the oxidation of sulfur, and 2-heptyl-4-hydroxyquinoline-Noxide (HQNO), an inhibitor of cytochrome b-c 1 region, inhibited the oxidation of sulfite as reported earlier (Suzuki et al. 1992 . Carbonyl cyanide-m-chlorophenylhydrazone (CCCP) and 2,4-dinitrophenol (DNP) are known uncouplers or protonophores. The oxidation of 0.1 µmol thiosulfate in 1.2 mL citrate buffer was sensitive to the inhibition at pH 5: 75% by NEM, 80% by HQNO, 30% by CCCP, and 6% by DNP (Table 2) . With 1 µmol thiosulfate in 1.2 mL citrate, a higher concentration of HQNO (40 µM) was required for a strong inhibition, but CCCP was more inhibitory (not shown).
The oxidation of thiosulfate in 9K medium was most sensitive at pH 2.3 to the inhibition. Uncouplers were more inhibitory at pH 2.3 in 9K medium than at pH 5 in citrate medium ( Table 2 ). The oxidation in 0.1 M sodium sulfate was similarly inhibited at pH 2.3 (not shown).
The oxidation of tetrathionate was inhibited in citrate buffer at pH 5 most strongly by NEM (95%), the same extent as sulfur oxidation. In 9K medium at pH 2.3, DNP and CCCP were also strongly inhibitory. Sulfite oxidation was not affected by NEM, but was strongly inhibited not only by HQNO, but also by uncouplers CCCP and DNP (Table 2) . Sulfur oxidation was strongly inhibited by NEM as expected but was also inhibited by HQNO and CCCP.
Stoichiometry of oxidation
Stoichiometric studies of sulfur, thiosulfate, and tetrathionate oxidation in the presence of HQNO, the inhibitor of sulfite oxidation, or NEM, the inhibitor of sulfur oxidation, were carried out to elucidate the mechanism and pathway of oxidation ( Figs. 1 and 2) .
As shown in Table 3 sulfur oxidation to sulfate (S + 1½O 2 + H 2 O → H 2 SO 4 ) was changed by HQNO to sulfite formation (S + O 2 + H 2 O → H 2 SO 3 ) with a good stoichiometry at pH 5. At pH 2.3, however, the oxidation rate was much reduced by HQNO, and the sulfite recovery was lower, in agreement with the results with sulfur-grown cells (Suzuki et al. 1992) .
Oxidation of thiosulfate (S 2 O 3 2-+ 2O 2 + H 2 O → 2SO 4 2-+ 2H + ) can be affected by HQNO differently, depending on the pathway of oxidation followed (Fig. 1) Table 3 suggest that pathway A may be followed at pH 5 (160 nmol sulfite from 100 nmol thiosulfate), but at pH 2.3 pathway B may be dominant (only 84 nmol sulfite in 9K medium).
Tetrathionate Table 3 show substantial accumulation of sulfite, but insufficient recovery for either pathway, presumably because of its instability. The pH 5 results may be considered to be close to those expected of pathway D (120 nmol sulfite), but the results cannot distinguish the two pathways. Table 4 shows that the oxidation of thiosulfate changes in the presence of NEM, the inhibitor of sulfur oxidation, to: S 2 O 3 2-+ ½O 2 → S + SO 4 2-, either at pH 5 or at pH 2.3. There was some sulfur production at pH 2.3 even in the absence of NEM, presumably because of increased reactivity of thiosulfate at the acidic pH (Roy and Trudinger 1970) and the decreased rate of sulfur oxidation. Both pathway A and pathway B can account for the results (Fig. 1) . In the presence of both HQNO and NEM the oxidation of both sulfur and sulfite should be inhibited resulting in total inhibition of thiosulfate oxidation in pathway A. The results in pH 5 citrate buffer are consistent with the prediction. In pathway B two thiosulfate ions should be oxidized to one tetrathionate (reaction [4] ). The results in Table 4 indicate the accumulation of tetrathionate from thiosulfate at pH 2.3 in the presence of both HQNO and NEM. Tetrathionate hydrolysis (reaction [5] ) is probably inhibited under those conditions.
Tetrathionate oxidation in the presence of NEM should follow the equation: S 4 O 6 2-+ ½O 2 + H 2 O → 2S + 2SO 4 2-+ 2H + , in either pathway C or D (Fig. 2) . The results in Table 4 generally agree with this interpretation (30 nmol O 2 and 120 nmol sulfur from 60 nmol tetrathionate). Although not shown, the oxidation of 120 nmol of Na 2 S 4 O 6 in pH 5 citrate produced 200 nmol sulfur with 100 nmol O 2 consumption in the presence of NEM.
Study of cytochromes
Difference spectra of dithionite-reduced minus oxidized cells (5 mg/mL) of T. thiooxidans grown on thiosulfate showed a number of absorption peaks (Fig. 3) tentatively identified as the peaks of cytochromes c, b, a, and d. The difference spectra of cell-free extracts (from 20 mg cells/mL) were similar. Spectra of reduced and oxidized cells were also obtained by the refraction method using a 50-mg/mL cell suspension. The oxidized cells showed 415 nm (c oxidized) and 655 nm (d oxidized) peaks and reduced ones 420 (c γ ), 430 (b γ ), 440 (a γ ), 523 (c β ), 530 (b β ), 553 (c α ), 562 (b α ), 607 (a α ), and 635 nm (d α ) peaks, corresponding to the difference spectra (Fig. 3) . Cytochromes of the c, b, a, and d types were reported also in T. thiooxidans grown on sulfur in a fermentor with forced aeration (Tano et al. 1982) , where concentrations of cytochromes b and d increased during growth, while those of cytochromes c and a decreased.
Difference spectra showed a nearly complete reduction of all the cytochromes within 5-10 min upon addition of substrates (1 mM Na 2 S 2 O 3 , Na 2 S 4 O 6 , K 2 SO 3 , or 0.3 mM S 0 ) when all the O 2 was consumed, but the time course spectral change clearly indicated the initial reduction of c type cytochrome followed by the reduction of b, a, and d cytochromes. When air was introduced by shaking the cuvette, d and b cytochromes were oxidized immediately, sometimes showing characteristic double peaks at 420 and 440 nm for c and a Soret (γ) absorption (missing the 430-nm peak for b). Vigorous shaking oxidized all the cytochromes, thus the re- duction of cytochrome experiments were repeated when substrate was still available. When HQNO was present at 40 µM, cytochrome c was the only cytochrome reduced, suggesting the inhibition of cytochrome b reduction by reduced cytochrome c. In the presence of 1 mM NEM, cytochrome reduction by these substrates was never initiated. When 25 µM CCCP was present, the substrates reduced only cytochrome c similarly to HQNO. DNP at the same concentration had a similar but weaker effect than CCCP, delaying the reduction of other cytochromes. The refraction method required a higher concentration of cells (50 mg/mL) and the endogenous metabolism was strong enough to consume all the O 2 within a few minutes. As a result, all the cytochromes were reduced without any addition of substrates.
Study of cell-free extracts
When cells were broken by passage through a French press, the crude extracts without centrifugation or cell-free extracts obtained after centrifugation could oxidize only sulfite but not thiosulfate or tetrathionate. Sulfur oxidation required the addition of reduced glutathione (Suzuki 1965) . The oxidation of sulfite was strongly inhibited by HQNO, but uncouplers failed to inhibit the oxidation (Table 5) unlike the oxidation by intact cells. Cyanide and azide were less inhibitory in the extracts, but NEM seemed to show some inhibition, possibly because of chemical interaction with sulfite (Jocelyn 1987) . The oxidation of sulfite by cells was similarly inhibited at this higher concentration of NEM (1 µmol in 1.2 mL). There was no sulfite oxidation in sodium citrate at pH 5 by extracts, although it was a favoured buffer for the intact cells. Potassium phosphate was also inhibitory. Tris-HCl, 9K medium, or K 2 SO 4 was not inhibitory. EDTA was inhibitory in 9K medium at pH 5 (46% at 1 mM and 70% at 2 mM), but not in 0.1 M K 2 SO 4 at either pH 5 or 7.
Cytochromes were fully reduced by 1 mM K 2 SO 3 (0.5 mM EDTA) within 10 min when 0.1 mL extract was in 0.1 M Tris-HCl at pH 7.5 (total volume 1 mL). In the presence of 4 µM HQNO or 1 mM NEM, only the c-type cytochrome was reduced. CCCP (25 µM) or DNP (25 µM) had no effect on the reduction of cytochromes in the extracts, contrary to the results with cells. With undiluted extracts prepared in 0.1 M Tris-HCl and using the refraction method, all the cytochromes were reduced by 1 mM K 2 SO 3 within 1-5 min. Introduction of air oxidized all the cytochromes, which were reduced again after 5 min. In the presence of 4 µM HQNO, only the c-type cytochrome was initially reduced, but later other cytochromes were also reduced since the inhibition was not total. Carbon monoxide shifted the reduced peak of cytochrome d from 635 to 640 nm as it did with whole cells, in agreement with other d-type cytochromes (Yamanaka 1992) .
Discussion
Thiobacillus thiooxidans grew on thiosulfate at pH 5, but not at pH 2.3, which was the optimal pH for growth on elemental sulfur. The optimal pH for growth on thiosulfate was similar to the optimal pH for thiosulfate oxidation in 0.1 M sodium citrate buffer, pH 5 (Table 1 ). The sodium citrate buffer used by Nakamura et al. 1990 turned out to be the best buffer for thiosulfate oxidation and also for stability of cell suspensions. The citrate effect could be related to its metal-chelating ability, since EDTA and other chelators also increased the rate of thiosulfate oxidation by cells. These chelators may be binding some metals that are deleterious for normal thiosulfate oxidation by cells. Decreased oxidation rate in 9K medium at pH 2.3 when thiosulfate concentration was increased from 0.1 to 10 µmol per 1.2 mL could also be due to a possible binding of some metals (e.g., Cu +1 , Dean 1985) by thiosulfate which might affect the oxidation of thiosulfate under acidic conditions.
Tetrathionate oxidation was also fastest at pH 5 in the citrate buffer and at pH 2.3 in 9K medium. Sulfur oxidation was not much affected by pH, although the rate was lower at pH 2.3. Sulfite oxidation was slower with an optimum at pH 5, and the rate was reduced further by metal chelators.
Known inhibitors of cytochrome oxidase, azide and cyanide, acted differently (Table 2) . Azide consistently inhibited the oxidation of thiosulfate, tetrathionate, sulfur, and sulfite. Cyanide, however, showed a weaker inhibition or even stimulation. Because cyanide, at the high concentration (1 µmol in 1.2 mL), catalyzed the chemical oxidation of sulfite in the absence of EDTA, its stimulatory effect on thiosulfate, tetrathionate, or sulfur oxidation under certain conditions was probably due to its ability to form complex ions of some metals (e.g., Cu +1 , Dean 1985) to stimulate the chemical oxidation of sulfite formed.
Both NEM and HQNO (Table 2 ) inhibited the oxidation of sulfur, thiosulfate, and tetrathionate, supporting the pathway of oxidation involving sulfur oxidation and sulfite oxidation. Uncouplers, CCCP and DNP, inhibited the oxidation of all the substrates tested, but the strongest inhibition was observed with sulfite oxidation, similar to the inhibition by HQNO.
The stoichiometry experiments (Tables 3 and 4 ) support a pathway of sulfur oxidation with sulfite as an intermediate, and that pathway A operates at pH 5, and pathway B operates at pH 2.3 in thiosulfate oxidation (Fig. 1) . Tetrathionate oxidation stoichiometry was complex, perhaps because of possible chemical interaction of sulfite with polythionates (Suzuki 1999) . Thus, based on our data, it is not possible to decide on the pathway followed during the oxidation of tetrathionate initiated either by reduction (pathway C) or hydrolysis (pathway D) of tetrathionate (Fig. 2) . Nevertheless the involvement of sulfur and sulfite oxidation in the oxidation of tetrathionate is the same in either pathway.
Cytochrome components of cells agreed with the report by Tano et al. (1982) . Because in our experiments, cytochromes b and d were oxidized faster with air than were cytochromes c and a (in agreement with the known higher affinity for O 2 of d than a (Yamanaka 1992) ), it is understandable why the concentrations of cytochromes b and d increased during the growth of their cells when O 2 concentration must have decreased because of limited aeration rate and increased cell numbers. It is possible to consider a branched pathway of electron transfer after cytochrome c-to a-type cytochrome oxidase or to b-d cytochromes (Yamanaka 1992) , similar to the Azotobacter cytochrome system (Jones and Redfearn 1966) .
Cytochromes of T. thiooxidans cells (Fig. 3) were all reduced by substrates thiosulfate, tetrathionate, sulfur, or sulfite, but the c-type cytochrome was reduced first. NEM prevented the reduction of any cytochrome, and HQNO, CCCP, or DNP allowed the reduction of cytochrome c only. Thus, it does seem that HQNO stopped the reduction of cytochromes b and d by reduced cytochrome c, and the same inhibition by uncouplers suggests that it is an energy-dependent step in these cells.
When the cells were disrupted, the extracts oxidized only sulfite and, with the addition of reduced glutathione, sulfur. Sulfite oxidation ( Note: Cells washed in water and suspended in 0.1 M Na-citrate (pH 6.0) were collected by centrifugation, suspended in 0.1 M Tris-HCl (pH 7.5), after washing, suspended in the same Tris buffer to 200 mg wet weight cells/mL. The suspension was passed through a French pressure cell at 110 MPa three times, and cell-free extracts were obtained by removing cell debris by centrifugation at 10 000 × g for 10 min. The oxidation was measured in the buffer or salts (0.1 M) at pH indicated with 0.1 mL of the extract and 1 µmol K 2 SO 3 plus 0.5 µmol EDTA with or without additions in 1.2 mL total volume. 9 indicates the rate slowed down to zero in 3-5 min. Additions: NEM, KCN, NaN 3 , 1 µmol; HQNO, 4 nmol; CCCP, DNP, 25 nmol. Table 5 . Sulfite oxidation by cell-free extracts.
